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ABSTRACT 
Benthic phosphorus regeneration is an impor. 
tant factor in eutrophication processes of 
shallow water systems. In any ecological modell- 
ing approach of such systems an adequate 
description of the sediment-water interactions is 
necessary. With this aim a fairly simple concept 
with a low number of variables and parameters 
has been formulated and analysed. The most im. 
portant parameter regulating the benthic "~ 
phosphorus fluxes is the Damk6hler number (Da), 
which represents the combined effect of the 
aerobic first order adsorptionldesorption rate K 
[T-l], the oxygen penetration depth H [L] and the 
apparent diffusion coefficient D [L2,T-1]: 
Da = K.H2.D-1. For Da <0.3 anaerobic processes 
dominate P-fluxes across the sediment-water in- 
terface, for Da >12 chemical transformations in 
the aerobic layer are the most important. The 
concept is applied to EMOWAD, an ecological 
model of the western part of the Dutch Wadden 
Sea. 
In the subtidal sediments of this estuary, Da is 
estimated at 0.4 in summer and 5.8 in winter. For 
the intertidal areas these numbers are 3.9 and 23, 
respectively. According to the model, benthic 
phosphorus fluxes are almost absent in winter 
and reach values of up to 1.75 mmol.m-2.d -1 in 
summer. Approximately 70% of the organic 
phosporus compounds reaching the sediments 
is regenerated within the same year. The model 
results suggest that organic phosphorus ac. 
cumulated in the sediments during the winter 
and spring is released to the water column dur- 
ing the summer. Part of the phosphates produc- 
ed by mineralization is retained temporarily in 
the sediment due to adsorption to the sediment 
particles. 
1. INTRODUCTION 
In shallow water systems the internal nutrient 
loading from the sediment is often an important 
factor in eutrophication processes. The 
favourable effects of the reduction of external 
nutrient inputs may be counteracted by benthic 
regeneration, particularly when the sediments 
have high nutrient contents. In most coastal and 
estuarine systems phosphorus does not limit 
primary production, but even then the sediment- 
water interaction may be an important process. 
RUTGERS VAN DER LOEFF (1980b) for example 
found that the P-input from the sea-floor of the 
Southern Bight of the North Sea was of the same 
order of magnitude as the contributions from 
other sources. BALZER (1984) in the Kiel Bight 
calculated that about 66% of the organic 
phosphorus reaching the sediments returned as 
inorganic phosphate to the water column, while 
HOPKINSON (1987) reported a 40% contribution of 
the benthic P-flux to the annual requirements of 
the pelagic primary producers in the nearshore 
zone of Georgia Bight. It is obvious that models 
concerning shallow water ecosystems must in- 
clude an adequate description of benthic 
regeneration processes. 
Sediment-water interactions and the pro- 
cesses involved have been discussed extensive- 
ly. In situ studies with benthic chambers 
(ELDERFIELDetaI., 1981; KLUMP & MARTENS, 1981; 
RUTGERS VAN DER LOEFF et al., 1981; CALLENDER 
& HAMMOND, 1982; FISHER et al., 1982; HALL, 
1984; SUNDBY et al., 1986) as well as experiments 
*Publication no. 20 of the project "Ecological Research of the North Sea and Wadden Sea" (EON). 
24 W. VAN RAAPHORST, P. RUARDIJ & A.G. BRINKMAN 
using undisturbed sediment cores (KAMP- 
NIELSEN, 1974, 1975; HOLDREN & ARMSTRONG, 
1980; ELDERFIELD et al., 1981; VAN LIERE & MUR, 
1982; KELDERMAN, 1984; VAN RAAPHORST & 
BRINKMAN, 1984; QUIGLEY & ROBBINS, 1986) 
reveal that the actual P-regeneration is a func- 
tion of the concentration in the overlying water, 
temperature, pH, oxygen penetration depth, 
mineralization rates, bioturbation and other mix- 
ing processes in the sediment, turbulence of the 
overlying water, and chemical characteristics of 
the sediment material. All these factors should 
to some extent be included in the model for- 
mulations. 
In the literature many formulations for benthic 
fluxes may be found, ranging from purely em- 
pirical relationships (e.g. KAMP-NIELSEN, 1980)to 
formal and theoretical models (e.g. ALLER, 1980; 
BERNER, 1980; JAHNKE et al., 1982). The first ap- 
proach does not include any a priori knowledge 
of the processes affecting the actual fluxes. It 
leads to simple expressions, but feed-back 
mechanisms associated with the factors men- 
tioned above are lacking. Moreover, by their 
nature the usefulness of these models is 
restricted to the specific situation for which they 
have been derived and calibrated. The second ap- 
proach aims at completeness. All the relevant 
subprocesses are described explicitely, giving 
rise to a large number of state variables and 
parameters. Since for phosphorus there is a 
strong interaction between dissolved com- 
ponents and solid material, mass balances have 
to be set up for both phases. Generally this 
means that the resulting equations have to be 
solved numerically in a large number of thin sedi- 
ment layers, mostly for small time-steps (KAMP- 
NIELSEN et al., 1982). In an ecosystem model of 
which the benthic regeneration module is only a 
small part and where the period to be simulated 
is mostly in the order of months to years, both 
are undesirable features. Besides this drawback, 
appropriate data for the calibration of the 
models are absent in most cases, thus causing 
large uncertainties in the simulation results. Ag- 
gregation of the essential processes to a simpler 
approach is therefore necessary. In fact this may 
result in a conceptual model with a low number 
of state variables and parameters, in which only 
a limited amount of a priori knowledge of the pro- 
cesses dominating the benthic system is incor- 
porated. 
In this paper such a simple approach to assess 
the benthic P-regeneration is presented and 
analysed. The model, originally developed for the 
shallow eutrophic Lake Veluwe, the Netherlands 
(BRINKMAN & VAN RAAPHORST, 1986), is applied 
here with some modifications to EMOWAD, a 
complex estuarine ecosystem model of the 
western part of the Dutch Wadden Sea 
(henceforth called western Wadden Sea). For this 
application data from the literature are used to 
estimate the values of the various parameters. A 
more elaborate calibration will be presented 
elsewhere. 
2. BASIC CONCEPTS 
The objective of this modelling approach is to 
simulate benthic fluxes, rather than concentra- 
tion gradients in the pore water or in the solid 
phase. An operational description of the 
diagenetic processes within the sediment may 
be sufficient for this purpose. The basic formula 
for the P-flux J0 across the sediment-water inter- 
face we use is: 
Jo = ~'Km'(Co- Cb) (1) 
where J0 has the dimension M.L-2.T -1, ~ is the 
volumetric porosity just below the sediment- 
water interface [ - ] ,  K m is an overall mass 
transfer coefficient [L.T-1], Co is the concentra- 
tion in the overlying water and C b is a 
characteristic concentration in the interstitial 
water, both having the dimensions M-L -3. Eq.(1) 
is a general linear expression for fluxes across 
interfaces, well known from chemical ~ngineer- 
ing (e.g. BIRD et al., 1960; LEVENSPIEL, 1962; ARIS~ 
1975). 
The requirements to the model can be 
specified by stating that the parameters K m and 
C b have to be computed properly. The use of 
eq.(1) is justified by the experimental results of 
KELDERMAN (1984), VAN RAAPRORST & BRINKMAN 
(1984) and BRINKMAN & VAN RAAPHORST (1986), 
showing that P-fluxes from undisturbed sedi- 
ment cores were linearly related to the concen- 
tration in the overlying water. To include the 
diagenetic phenomena mentioned in the in- 
troduction, eq.(1) should, however, be extended 
and further detailed. 
For this purpose the sediment is, like in other 
regeneration models, (e.g. BILLEN, 1978; LIJKLE- 
MA & HIELTJES, 1982; VAN ECK & SMITS, 1986; 
KLAPWlJK & SNODGRASS, 1986), schematized into 
distinct layers (Fig. 1), in which the transforma- 
tions are aggregated to simple zero order or first 
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order reactions, and in which the parameters are 
treated as indifferent to depth. Obviously this 
simplification makes it impossible to compute 
the effects of vertical gradients of e.g. pH, 
porosity, etc. It is felt, however, that the possibili- 
ty of defining different parameter values in the 
distinct layers is enough for the present purpose. 
Since the adsorption capacity of the bottom 
material for phosphate is dependent on the iron 
oxidation-state, the sediment is divided into an 
aerobic layer in which Fe(lll) is present as strong- 
ly P-adsorbing Fe-oxyhydroxides, and an 
anaerobic layer in which Fe(ll) is dominant. In the 
model a third layer is included to account for 
phosphorus definitely buried in the deeper sedi- 
ment. The general diagenetic equation for 
dissolved phosphorus in each layer may be for- 
mulated as (BERNER, 1980): 
aC a2C ~C+;cR 
-~-  = -E~ - -~ ox  
(2) 
where C is the concentration in the pore water 
[M.L-3], t is time [T], D is the apparent diffusion 
or dispersion coefficient [L2.T - 1], x is the depth 
relative to the sediment water interface [L], o~ is 
an advection parameter [L.T-1], and ]CR denotes 
the sum of all reactions and transformations af- 
fecting C [M-L-3.T-1]. To arrive at an equation 
equivalent to eq.(1), eq.(2) is solved analytically 
for the aerobic layer, while the concentration in 
the anaerobic layer (C1, Fig. 1), needed as a 
boundary condition at the aerobic-anaerobic in- 
terface, is treated as depth independent within 
this layer. The flux of dissolved phosphorus 
overlying water  
aerobic layer 
in 
anaerobic layer 
in 1 
deeper sediment  
Fig. 1. Basic overview of the processes incorporated in 
the benthic phosphorus regeneration model. 
Pin = C + Pads. For further explanation see text. 
t 
across this interface (J1, Fig. 1) is also 
calculated from the analytical solution of eq.(2) 
for the aerobic layer. 
In the aerobic zone the reaction term SR con- 
sists of phosphate production due to mineraliza- 
tion, reversible adsorption on the sediment 
particles, and of relatively slow precipita- 
tion/dissolution processes. Strictly speaking the 
P-uptake by benthic diatoms should also be in- 
cluded in ;CR. In the final application to 
EMOWAD, however, there is no direct in- 
terference between this uptake and the flux J0. 
Benthic primary production is assumed to take 
place only on emerged intertidal flats. The P-flux 
across the sediment-water interface is assumed 
to be important only during submersion (Table 2). 
As a first approximation mineralization can be 
treated as a zero order process (i.e. independent 
of C) producing phosphate homogeneously over 
the entire layer. Adsorption is usually assumed 
to proceed at an infinite rate, thus leading to in- 
stantaneous equilibria (cf. BERNER, 1980). For the 
present purpose a dynamical formulation of the 
adsorption/desorption processes is more 
suitable (BRINKMAN & VAN RAAPHORST, 1986), a 
simple expression being (ARIS, 1975; DOMENICO, 
1977): 
Rad s = - K ' (C-  Ceq ) (3) 
where Rad s denotes the contribution of reversi- 
ble adsorption to CR [M-L-3.T-1], K is a first 
order rate-constant [T-1] and Ceq is the adsorp- 
tion equilibrium concentration [M-L-3]. It should 
be noted that both K and Ceq depend on the 
phosphorus amount adsorbed on the solid sur- 
faces, and will therefore vary in time and depth. 
For relatively thin layers, eq.(3) may still lead to 
acceptable results as long as in the actual model 
simulat ions Ceq , using a suitable isotherm, is 
computed each time-step from the total amount 
of inorganic phosphorus available for adsorp- 
tion. In Fig. 1 this amount is represented by the 
variable Pin and Pin,1 for the aerobic and the 
anaerobic layer, respectively. Linear adsorption 
isotherms are used to calculate Ceq in the 
aerobic layer and the concentration C 1 [M-L -3] 
in the anaerobic layer: 
Ceq = Pin" (1 + PC)- 1; Cl = Pin, l" (1 + PC1)- 1 (4) 
where PC and PC 1 are linear partition coeffi- 
cients (dimensionless). In general PC >> PC1, 
leading to much higher concentrations in the 
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reduced zone than in the aerobic layer. Eq.(3) 
may also be used for the formulation of the 
precipitation-dissolution reactions, although in 
reality the kinetics of these are certainly more 
complex. Anyhow, these slow reactions likely do 
not dominate ER, and hence the use of eq.(3) for 
the overall chemical transformations is probably 
justified. 
3. BENTHIC FLUXES J0 AND J1 
In general the rates of the processes concerned 
and the concentration in the overlying water 
change slowly compared to the time needed to 
achieve steady state profiles in the pore water. 
This means that it is sufficient to solve eq.(2) for 
pseudo stationary conditions (supported further 
on). Assuming a zero order phosphate produc- 
tion due to mineralization Pm [ M 'L -3 'T -1]  and 
using eq.(3) for the chemical transformations, 
eq.(2) becomes: 
a2C aC 0 = D -~ - ~ ~ - K (C - Ceq ) 4- Pm (5) 
For convenience the equations are rendered 
dimensionless by setting ~=C/C o and X=x/H, 
where H is the thickness of the aerobic layer, 
dimension L. The equations (1) and (5) thus 
become: 
@0 = ~'Km----~ .(1 - ~b) = ~.~x.(1 - ~'b) (6) 
(BERNER, 1980). With this assumption and the 
boundary conditions 
• (0) = 1, ~(1) = ~'1 (9) 
the solution of eq.(7) and eq.(8) is: 
• [1  - ~eq - Oa 
@0 = ~" tanh D~/Da Da 
e a 
~eq 4- ~ -- ~1 
+ -] 
cosh D~ 
(10) 
Graphical examples of this solution are 
presented in Fig. 2. In eq.(10) two extremes can 
be distinguished. In the first Da is small, i.e. 
there is no substantial adsorption during the 
time period needed to diffuse over a distance H. 
In other words, the flux @0 is merely determined 
by the production due to mineralization and the 
diffusion from the anaerobic layer. In the other 
extreme, Da is large and only a layer ~ H just 
below the sediment-water interface is actually in- 
volved in the benthic flux. In this case the 
chemical reactions and the mineralization rate 
are controlling the benthic flux J0, while the in- 
fluence of the anaerobic layer is unimportant. 
Mathematically, both extremes read (Appendix 1, 
Fig. 2): 
Da <0.3: @0= ~.(1 - 1/zO a - ~I,1) (11a) 
0 = ~a2~ - pe.~x-  Da.(~z - ~eq) + 0 a (7) 
where the dimensionless flux @o=Jo.H/(Co.D), 
the parameter c~ is defined in eq.(6), the Peclet 
number (Pe) is o>H/D and the DamkOhler number 
(Da) is K.H21D. The physical interpretation of 
these dimensionless numbers was discussed in 
detail by BIRD et al. (1960) and DOMENICO (1977). 
The term O a = Pm.H21(Co.D) denotes the dimen- 
sionless P-production due to mineralization, 
averaged over H, while the subscripts 0,b and eq 
have the same meaning as before. The link be- 
tween eq.(6) and eq.(7) follows from Fick's first 
law : 
a~ (8) ~° = - ~'-a--X ×=o 
In most situations advection may be ignored 
O 8 
Da > 12: ,I~ 0 = ~.~D~'(1 - ~eq Da ) (11 b) 
From the examples given in Fig. 2, it may be con- 
cluded that @0 decreases at increasing values of 
Da. At Da = 8 to 15, however, @0 increases again. 
The explanation of this is simple. The effect of 
the mineralization term @a as well as the effect 
of the anaerobic layer on @0 is most important at 
small Da-numbers. In Fig. 2 this can be seen by 
comparing the curves 1 with 2, 3 with 6, and 5 
with 6. At increasing values of Da the absolute 
contribution of both effects to @0 decreases, 
while the chemical transformations become 
more important. At large values of Da, @o is most 
sensitive to  ~eq (compare curves 1, 3 and 4). It 
should be noted that in case  ~eq= 1 (curve 4), ~0 
approximates 0 for large values of Da. For  ~eq 
<1, @0 would turn into the opposite direction 
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Fig. 2. Examples of the solution expressed in eq.(lO), 
the dimensionless benthic flux - +,,/q as a function of 
the Danumber. The approximate solutions for extreme 
Da-numbers (eqs. 11 and llb) are presented by the 
dashed lines. 
curve 1: Q,,=3, 8,=10, *,=lO; curve 2: qeg=3, 
8, = 2, ‘k, = 10; curve 3: 8, = 2, 0, = 10, *, = 10; curve 
4: geq= 1, 8,= 10, +, = 18; curve 5: *=,=2, 8,=2, 
*, = 20; curve 6: 8,, = 2, 8, = 2, q, = 10. 
from the overlying water towards the sediment 
for large values of Da. From Appendix 1 it follows 
that eq.(ll b) is the general solution of eq.(7) and 
eq.(8) in situations without an anaerobic layer. 
This means that the effects of the anaerobic 
layer on the flux can be identified by subtracting 
eq.(llb) from eq.(lO). Thus, when eq.(lO) is refor- 
mulated into: 
a’0 = &%(I - qeq - & - *an) (12) 
*,, comprises the effect of the anaerobic layer, 
and is given by: 
(13) 
In eq.(l2) the influence of the anaerobic layer is 
compressed into one term qan. This permits a 
direct comparison between this contribution and 
the chemical equilibrium term \k,, and the effect 
of the mineralization processes @,/Da. By taking 
the limit Da -+m in eq.(l3), it follows immediately 
that 9an approximates 0 for large values of Da. 
Eq.(l2) is equivalent to eq.(6) with cr=a and 
*‘b = q,_ + @,/Da + 9an. This analysis shows that 
the Damkbhler-number, expressing the combin- 
ed effect of the reaction kinetics, diffusion and 
the oxygen penetration depth, determines the 
benthic flux @s to a large extent. 
To set up a mass balance for inorganic 
phosphorus in the aerobic layer (Pin), the flux of 
dissolved P across the aerobic-anaerobic inter- 
face J, (Fig. 1) has to be calculated too. The ex- 
pression for the dimensionless flux 
a, =J,.H/(C$D) is obtained by solving eq.(7) for 
the first derivative at A= 1: 
(14) 
This equation is comparable to eq.(lO). For small 
values of Da, eq. (14) is approximated by: 
comparable to eq.(lla). In the other extreme, if 
Da is large 
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comparable to eq.(11b). Also for ff~l it may be 
concluded that the Da-number is an important 
parameter. 
4. ANALYSIS OF SOME MODEL ASSUMPTIONS 
The most general assumptions underlying the 
above model equations are discussed in detail 
by BERNER (1980) and will not be treated here. To 
check quantitatively the validity of the more 
specific assumptions for applications to the 
western Wadden Sea, the relevant parameter 
values have to be estimated. In Table 1 the orders 
of magnitude are listed. It is obvious that the ap- 
parent diffusion coefficient D in the sediments of 
the western Wadden Sea is much larger than the 
molecular one (approximately 6-10-10m2-s-1), 
bioturbation and dispersion due to bottom swell 
and tidal currents most likely being the major 
phenomena (RUTGERS VAN DER LOEFF, 1981). The 
value of H, estimated from ANDERSEN & HELDER 
(1987) is in accordance with other measurements 
in marine and estuarine sediments (e.g. 
S(~RENSEN et al., 1979 REVSBECH et al., 1980; 
HELDER & BAKKER, 1985; Jq)RGENSEN & REVSBECH, 
1985). 
4.1. NEGLECTING ADVECTION 
In Appendix 2 it is shown that advection can be 
ignored because: 
pe2 ~2.(K.D)- 1 .~ 4 
Da = 
According to the parameter values listed in Table 
1 this requirement is fulfilled. 
4.2. STEADY STATE ASSUMPTION 
TO check the validity of the steady state assump- 
tion eq.(2) has to be solved dynamically. From 
the solution in Appendix 3 it is concluded that 
the time t a needed for the concentration profile 
in the aerobic layer to adapt itself to new condi- 
tions in the overlying water is given by: 
3 
ta ~" (K + 7r2.D.H -2) 
According to the parameter values listed in Table 
1, t a is in the order of minutes or hours (102 to 
104 seconds), on average about half an hour. 
Although some fluctuations in C O may occur on 
the same time-scale or even faster, the time con- 
stants of the major variations are of the order of 
at least days. Moreover, the fast fluctuations will 
generally not be the main object of ecological 
models like EMOWAD. So the conclusion that 
the steady state is a valid assumption seems to 
be justified. 
4.3. NEGLECTING TRANSFER RESISTANCE IN 
THE BENTHIC SUBLAYER 
Strictly speaking, in eq.(1) C o is the concentra- 
tion just at the sediment-water interface. Only if 
the resistance against mass-transfer in the 
sublayer above the bottom surface is low com- 
pared to the resistance within the sediment, may 
C O be approximated by the bulk concentration. 
However, many recent papers (SCHINK & 
GUINASSO, 1977; BOUDREAU & GUINASSO, 1982; 
SANTSCHI et al., 1983; HALL, 1984; J(~RGENSEN & 
REVSBECH, 1985; SUNDBY et al., 1986) indicate 
TABLE 1 
Order of magnitude of the parameters in the basic concept. 
*using the model outlined in the text and assuming H=5.10 -3 m. 
parameter value reference 
D 10 -9 .  10 -8 m2-s -1 
K 10 -4 .  10 -3 S -1  
K m 10 -6 .  10-5 re.s-1 
H 10 -3 .  10 -2 m 
10-9-  10-10 m.s-1 
Pe 10 -5 .  10 -3 
Da 10 -1 - 10 +1 
RUTGERS VAN DER LOEFF (1981) 
BRINKMAN & VAN RAAPHORST (1986) 
KELDERMAN (1984) * 
BRINKMAN & VAN RAAPHORST (1986) 
KELDERMAN (1984) * 
ANDERSEN & HELDER (1987) 
VAN DER GOES et al. (1980) 
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that the resistance in the sublayer cannot always 
be ignored. Writing Cov as the concentration in 
the overlying water far from the sediment-water 
interface [M.L -3] and Kms as the mass-transfer 
coefficient in the sublayer [L.T-1], the flux 
across the sublayer becomes Kms'(Cov-C0). By 
setting this flux equal to J0 (eq.1) it can easily be 
shown that (cf. BIRD et al., 1960; LEVENSPIEL, 
1962): 
¢'Km'Kms 
Jo- ~.Km +Km s (Cov- Cb) (15) 
In case Kms ~> ~'Km, eq.(14) is equivalent o eq.(1) 
with C o = Coy , in the opposite J0 = Kms'(Cov- Cb)" 
The transfer across the sublayer is a function 
of the hydrodynamics near the sediment surface. 
As in BOUDREAU & GUINASSO (1982) Kms is 
estimated from: 
Kms = ~.u ,.Sc - 0.67 (16) 
in which the dimensionless constant 
~, = 0.04-0.08, the friction velocity u, in shallow 
water = 10 -2 m.s -1 and the Schmidt-number Sc 
is estimated at 102 to 103. Hence Krn s is in the 
order of 8.10 -6 to 2.10 -5 m.s -1. Assuming 
= 0.5 for sandy sediments, Krn s is approximate- 
ly 10 times larger than ~.K m (Table 1). The con- 
clusion is that the resistance in the sublayer will 
have only a minor effect on the benthic P-fluxes, 
and hence eq.(1) may be applied with Co= Cov. 
5. APPLICATION TO EMOWAD 
5.1. AREA DESCRIPTION 
The western Wadden Sea is separated from the 
rest of the Wadden Sea by the tidal watershed 
south of the island of Terschelling (Fig. 3), and is 
connected to the North Sea by two major tidal in- 
lets: Marsdiep south of the island of Texel and 
Vliestroom between the islands of Vlieland and 
Terschelling. The small inlet between Texel and 
Vlieland is separated from the main part of the 
western Wadden Sea by a tidal watershed, and is 
of minor importance to the system. The 
freshwater input from the adjacent Lake IJssel is 
mainly discharged into the North Sea via the 
Marsdiep. The area is divided into two major 
basins: the Marsdiep-basin in the west and the 
Vile basin associated with the Vliestroom tidal 
inlet. The total surface area of the estuary is 
North Sea 
i 
J 
d 
/ ./ 
Vhe 
(9 
o-/ 
// 'l ? Loke IJssel , ,,o 
Fig. 3. Map of the western part of the Dutch Wadden 
Sea. 1: Marsdiep basin, 2: Vlie basin. ---- Tidal 
watershed. 
1415-106 m 2 (32% intertidal, 53% subtidal, 15% 
tidal channels). The mean depth is approximately 
3.3 m. 
5.2. RELEVANT CHARACTERISTICS OF 
EMOWAD 
For the basic structure of EMOWAD, i.e. an ex- 
tended form of an ecosystem model derived for 
the Ems Estuary, see BARETTA & RUARDIJ (1988). 
Principally the EMOWAD model expresses all 
biomasses and transformations in terms of 
organic carbon. Nutrients (P and Si; N is not in- 
cluded) are modelled only in so far as they affect 
primary production. The western Wadden Sea is 
divided into 12 compartments to permit the inclu- 
sion of lateral variations (see VAN DUYL & KOP 
(1988) and VELDHUIS et al. (1988)). In each com- 
partment three different areas are distinguished: 
channel beds, subtidal areas, and intertidal flats 
(Table 2). 
The benthic P-regeneration is computed-accor- 
ding to the concept outlined in the previous sec- 
tions. The lower boundary of the anaerobic layer 
(Fig. 1) is set at 0.3 m below the sediment-water 
interface. First, each time-step a mass balance is 
set up to calculate in both the aerobic and the 
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TABLE 2 
Definitions and main properties of the benthic areas in the EMOWAD model. 
channel beds definition: 
properties: 
subtidal areas definition: 
properties: 
intertidal flats definition: 
properties: 
level >5 m below Mean Low Tide Level (MLTL) 
chemically and biologically inert, hence no P-regeneration 
MLTL >level ~<5 m below MLTL 
submerged, no benthic primary production, P-regeneration 24h 
per day 
level /> MLTL 
emerged during a part of the day, benthic primary production 
only while emerged, P-regeneration only while submerged 
anaerobic layer the total amount of inorganic 
phosphorus available for adsorption/desorption 
(Pin and Pin,1 respectively). Next the P-flux across 
the sediment-water interface is calculated from 
eq.(12), see Appendix 4. The depth of the aerobic 
layer H, as well as the apparant diffusion coeffi- 
cient D, is calculated each time-step. The main 
concepts on their calculation are listed in Table 
3, for details see BARETTA & RUARDIJ (1988). 
The order of magnitude of K is mentioned in 
the previous section: 10 -3 to 10 -4 s -1, in 
EMOWAD K=3.5.10 -4 s -1 =30 day -1 for both 
the subtidal and the intertidal sediments. 
Together with the typical values for the oxygen 
penetration depth H and for the diffusion coeffi- 
cient D (listed in Table 3), this results in Da. 
numbers ranging from 0.4 and 3.9 in summer to 
5.8 and 23 in winter for the subtidal and the inter- 
tidal areas, respectively. The partition coefficient 
PC is estimated at 750, again for both sediment 
types. This value is in accordance with the ex- 
perimental results of BRINKMAN & VAN 
RAAPHORST (1986) for Lake Veluwe sediments. 
PC 1 is estimated at 2.5, in accordance with the 
data given by KROM & BERNER (1980). 
5.3. RESULTS AND DISCUSSION 
The model was run throughout 1986. In Fig. 4 
some results are presented for compartment 10 
in the central part of the Vile basin. The tidal flats 
of this compartment are submerged for approx- 
imately 75% of the day; hence in these areas the 
daily averaged transfer coeff icients and release 
rates are approximately a factor 0.75 lower than 
the momentary rates. The simulated fluxes are 
within the range that can be obtained from the 
references mentioned in the introduction. In 
comparable intertidal sediments of the Ems Es- 
tuary RUTGERS VAN DEFI LOEFF et al. (1981) 
measured fluxes between 0 and 1 
mmol-m-2.d -1 in winter and summer, respec- 
tively. The simulated values of the mass transfer 
coefficient K m (Fig. 4b) are in agreement with the 
TABLE 3 
Concepts and main properties of diffusion, oxygen penetration depth, and Da-numbers in the EMOWAD model. 
concept properties 
apparent diffusion- 
coefficient D 
oxygen penetration 
depth H 
Da-numbers 
Determined by storm-induced mixing, tidal pumping, bioturbation and bio.irrigation 
by deposit feeders, suspension feeders, meiobenthos and epibenthos. 
Typical values: 2.10 -8 m-2.s in summer 
6.10 -9 m-2.s in winter 
Determined by oxygen production by benthic diatoms, consumption due to 
mineralization in the aerobic layer, by sulphide oxidation at the aerobic-anaerobic 
interface, and by the capacity to match the oxygen demand by diffusion across the 
sediment water interface. 
Typical values: 5.10 -3 to 10.10 -3 m (subtidal) 
15.10 -3 to 20.10. -3 m (intertidal) 
(summer and winter, respectively) 
subtidal: 0.4 (summer), 5.8 (winter) 
intertidal: 3.9 (summer), 23 (winter) 
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experimental data of BRINKMAN & VAN 
RAAPHORST (1986) for Lake Veluwe and those of 
KELDERMAN (1984) for Lake Grevelingen (0.02 to 
0.10 m.d-1). Unfortunately there are no data at 
hand to compare these simulation results with 
experimental data obtained in the Wadden Sea. 
The differences in the Da-numbers (Table 3) are 
directly reflected in the contributions to C b (Fig. 
4c). In winter Da is large and for the intertidal 
areas eq.(11b) applies. In this period Ceq is the 
dominating contribution to C b. In summer the 
other factors become more important. In the sub- 
tidal sediments Da then becomes very small and 
consequently the contribution from the 
anaerobic layer is most important during this 
time of the year. At the end of March Ceq in- 
creases due to the mineralization of organic 
phosphorus compounds accumulated in the 
sediments during the preceding months. In early 
summer there is a strong decrease in Ceq , and 
hence also in Pin" This means that phosphorus 
accumulated in winter and spring is released in 
summer. The simulation results suggest a net 
loading of the sediments with phosphorus in 
winter and a net release to the water column in 
June and July. This pattern is in agreement with 
the data of POSTMA (1954) and DE JONGE & 
POSTMA (1974). From the occurrence of spring 
minima and summer maxima in the concentra- 
tions of phosphorus components in the water 
column of the Wadden Sea, they concluded that 
organic phosphorus is mineralized and released 
as inorganic phosphates during the summer. The 
model results suggest that part of these 
phosphates are adsorbed to the sediment par- 
ticles, and thus are retained temporarily within 
the sediment. 
The characteristic benthic concentration 
C b = Ceq 4- Pm/K 4- Can (eq.(A8), Appendix 4) 
averaged over the period October-March is com- 
puted by the model at 3.4 and 3.1 mmol.m-3 for 
the subtidal and intertidal areas, respectively. 
The corresponding values for spring and summer 
(April to September) are 9.3 and 4.5 mmol.m -3 
respectively. These results are in fairly good 
agreement with the data of RUTGERS VAN DER 
LOEFF (1980a). In the upper cm of the sediment of 
subtidal area in the western Wadden Sea he 
observed P-concentrations in the pore water < 10 
mmol.m -3. Only during August and September 
did he measure concentrations between 10 and 
20 mmol.m -3. Data from 4 other locations in the 
western Wadden Sea (VAN RAAPHORST & 
KLOOSTERHUIS, unpublished results for 1987)in- 
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Fig. 4. Results of the standard simulation for compart- 
ment 10 in the Vlie basin. A: flux - P'Jo 
(mmol.m-2.d-1), B: transfer coefficient p.~,.Km 
(m.d-1), C: contributions to the characteristic benthic 
concentration Ceq (mmol.m-3): chemical equilibrium 
concentration Ceq (----) ,  mineralization term Pm/K 
( ) and the contribution from the anaerobic layer 
Can ( ...... ). The factor p denotes the fraction of the day 
the areas are submerged. Subtidal: p=l ,  intertidal: 
p=0.75. 
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Fig. 5. Dissolved phosphate concentrations in compart- 
ment 10 of the Vlie basin (1986). (----) simulation; ([~) 
field observations (data obtained from VELDHUIS et al., 
1988). 
dicate phosphate concentrations in the pore 
water of the upper 5 mm of intertidal sediments 
between 1 and 3 mmol-m -3 in winter, and be- 
tween 2 and 5 mmol.m -3 in summer, respec- 
tively. 
The model predicts too low phosphate concen- 
trations in the overlying water (Fig. 5). Conse- 
quently, the flux driving force Cb-C  0 is too 
large, leading to too large fluxes. The discrepan- 
cy between field data and simulations is pro- 
bably due to the absence of another nutrient 
than P or Si potentially limiting primary produc- 
tion in the EMOWAD model. For instance, in- 
organic nitrogen concentrations are low from 
June to September (VELDHUIS et al., 1988) and 
may limit primary production during that period. 
Fig. 6 shows the impact of benthic regeneration 
on three ecological variables of compartment 2 
in the Marsdiep basin and compartment 10 in the 
Fig. 6. April-September averaged values separately for 
compartments 2 and 10 of (top) Chloa (mg.m-3), (mid- 
die) pelagic Biological Oxygen Consumption (BOC, 
gO2.m-3-d-1) and (bottom) pelagic bacterial produc- 
tion (PRDM, mgC.m-3.d-1). (left): simulation including 
benthic regeneration, (right): simulation without ben- 
thic regeneration. Bars denote simulation results. 
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(~ ~) indicate mean field observations in the two total 
basins, ( ** )  for compartment 10 in the Vlie basin 
(1986). Chl-a from VELDHUIS et al. (1988), BOC and 
PRDM from VAN DUYL & KOP (1988). 
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Vile basin. In Fig. 6a simulations are shown for 
the standard model including benthic regenera- 
tion. The results presented in Fig. 6b are obtain- 
ed by switching off the regeneration module. 
Field observations from both basins are given for 
comparison. Regeneration almost doubles the 
simulated summer averaged Chl-a concentra- 
tions, as well as the pelagic Biological Oxygen 
Consumption (BOC) and the pelagic bacterial 
production (PRDM). As with the findings of 
RUTGERS VAN DER LOEFF (1980b), BALZER (1984) 
and HOPKINSON (1987) for other areas, the con- 
clusion seems justified that benthic regenera- 
tion plays an important role in the western 
Wadden Sea too. 
The model computes a yearly averaged flux of 
approximately 0.6 and 0.2 mmol-m-2-day -1 for 
intertidal and subtidal sediments, respectively. 
Taking into account the total surface areas, the 
corresponding gross internal Ioadings for the 
western Wadden Sea may be estimated at 90 and 
435 kmol.d- 1. The model also calculates that on 
average 134 kmol.day -1 are deposited on the 
tidal flats as organic phosphorus, while 573 
kmol.d -1 reach the subtidal sediments. The an- 
nual mean benthic regeneration efficiency is ap- 
proximately 70% in both intertidal and subtidal 
areas. This efficiency does not differ much from 
that mentioned by BALZER (1984) for the Kiel 
Bight. In 1986 the total phosphorus input from 
the freshwater sources to the estuary was 350 
kmol.d -1. The total benthic regeneration as 
computed by the model is of the same order of 
magnitude (525 kmol.d - 1). The net accumulation 
in the sediments being 182 kmol.d -1, the 
average output to the North Sea becomes 
350-  182 = 168 kmol.day-1. Hence according to 
the model, accumulation and output to the North 
Sea are of equal importance. These figures again 
demonstrate the potential impact of benthic ex- 
change processes on the phosphorus budget of 
the western Wadden Sea. 
6. CONCLUSIONS 
The simple model based on eq.(1), eq.(2) and 
eq.(3) permits the assessment of the phosphorus 
regeneration in a complex ecosystem model like 
EMOWAD. In the model the Da-number is the 
most important parameter. In systems where Da 
is large (> 12), chemical processes in the aerobic 
layer dominate over mineralization and diffusive 
transport from the anaerobic zone. If Da is small 
(<0.3), adsorption of phosphorus to the sedi- 
ment particles is less important and mineraliza- 
tion and diffusion from the anaerobic layer 
determine the benthic P-flux. In the sediments of 
the western Wadden Sea Da varies between 0.5 
in the subtidal areas in summer, and 23 in the in- 
tertidal areas in winter. 
Application of the model to EMOWAD reveals 
that approximately 70% of the annual amount of 
phosphorus reaching the sediments is 
regenerated and released to the overlying water. 
According to the model, organic phosphorus 
components accumulated in the sediments dur- 
ing the winter and spring are mineralized and 
released to the water column during the summer. 
A part of the inorganic phosphate produced by 
mineralization is retained temporarily in the 
sediments due to adsorption processes. The in- 
ternal loading of the western Wadden Sea is of 
the same order of magnitude as the external 
phosphorus inputs. 
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APPENDIX 1. 
Solutions for extreme Da-numbers. 
In case of small Da-numbers the first order term in eq.(7) may be neglected. Neglecting the advection 
term too, eq.(7) becomes: 
a2~, 
0= -~-  + O a (A1) 
With the boundary condit ions given in eq.(9) the solution of eq.(8) and eq.(A1) is: 
@0 = ~.(1-1/2 Oa-~l) (A2) 
In fact this is the solution to the situation without any (first order) chemical reaction. The expression 
for the other extreme (Da large), given in eq.(11b), can be obtained directly from eq.(10) taking the ex- 
treme limit Da - - , - .  This extreme may be interpreted as the solution to situations without an 
anaerobic layer, which may be demonstrated by taking 
• (0) = 1; X--, oo a~, --, _ (A3) : -  u
as boundary condit ions instead of eq.(9), and subsequently solving eq.(7) and eq.(8). 
APPENDIX 2. 
Neglecting advection. 
The general solution of eq.(7) is 
@a 
= ~eq + ' -~+ A'e#lk + B'e~k 
where 
Pe +_ ~/ (Pe 2 + 4Da) 
#1,2 = 2 
(A4) 
and where A, B are integration constants. From the expression for #1,2 it immediately fol lows that 
Pe may be ignored if Pe2<4. 
Da 
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APPENDIX 3. 
Adaptation time. 
t .O  . Writing the dimensionless time r= ~--~-, ignoring advection, and substituting 
0 a 
= ~-  ~eq-  D~' eq.(2) becomes:  
0~_ 02~ Da.~ (A5) 
Or OX ~ 
If the steady state solution of eq.(7) is taken as the initial condition, say f(X), and if g(X) is the new 
profile after changing the boundary condition at r=0,  the solution of eq.(A5) takes the form: 
,¢(X, r) = g (X) + ~ bn.exp[- (Oa + n2.Tr 2) .r]-sin(n-Tr.k) (A6a) 
n=l  
and 
I 1 b n = [f(X)-g(X)].sin(n.Tr.X) .dX (A6b) 
0 
The second term in eq.(A6a) fully describes the transient state of $ and thus of ,[, and C. The dynamics 
are determined by the exponential terms. The time needed for the concentration profile to adapt to 
the new conditions is defined by ~(k,ra)<_O.05 ,~(k,0). Taking as criterion the first term in the series of 
eq.(A6a), it follows that ra=31(Da + ~r~). Again two extreme cases are possible. If Da >>Tr 2, ra=31Da 
and hence, by substituting the definitions of Da and r, the "real-time" constant for adaptation 
ta=3/K. In this situation diffusion does not affect t a. On the other hand, if Da~-2:ra=3"Tr-2 and 
ra=O.3.H21D, independent of K. In the intermediate situation 
3 
ta = (K + 7r2.D.H -2) 
APPENDIX 4. 
Input to simulations. 
In eq.(12) the P-flux across the sediment-water interface is given in dimensionless form. In the actual 
model eq.(1) is used. From the definitions of the various dimensionless terms it follows that eq.(1) 
is equivalent to eq.(12) with: 
J0 = ##o.D.Co.H -1 
Analogously, J1 ={I"D'Co "H-1. All concentrations follow from multiplication of 4, with Co: 
(A7) 
Oa Pm 
Cb = (~eq + ~-  + Clan) Co = Ceq + ~ + Can (A8) 
It should be noted that the contribution of the mineralization rate Pm to the concentration C b iS given 
by the ratio between this rate and the first order adsorption rate K. 
